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ABSTRACT
Hot Springs Inflow Controlled by the Damage Zone
of a Major Normal Fault
Steven Benjamin Godwin
Department of Geological Sciences, BYU
Master of Science
Spring water inflow is distinct at Pah Tempe Hot Springs (also known as Dixie Hot
Springs) situated within the damage zone of the Hurricane Fault in Timpoweap Canyon in
Hurricane, Utah. Excising of the footwall by the Virgin River has created Timpoweap Canyon
and allowed an unusual opportunity to study the spring inflow in relation to the fault damage
zone. While correlation of these springs with the damage zone and visible fracture patterns on
the canyon wall has been made, no subsurface faulting has been imaged to verify connection to
these visible fractures and spring inflows (Nelson et al., 2009). The stream was logged and
contoured to note the varying locations of spring water inflows in contrast with unsaturated
Virgin River water. Seismic surveys were conducted and subsurface profiles made to locate
offsets and faults. Photogrammetry was conducted and a three-dimensional model of the canyon
and cliff wall was created to facilitate remote fracture mapping of this wall
Subsurface features correlate to fractures, spring water inflow locations, and surface
faults mapped by Biek (2002). This suggests that faulting and fracturing from the Hurricane
Fault provides subsurface conduits for these thermal waters to rise. In one area in the stream,
thermal inflow correlates with both subsurface offsets and major surface fractures. Numerous
correlations between just spring water entry and subsurface offsets or surface fractures are also
found. Fracture and fault density is atypical at Pah Tempe as these features do not diminish with
distance from the main strand of the fault. This has led to the Sevier Orogeny accounting for
creating the observed fracture conduits at Pah Tempe. Fractures in the canyon wall at Pah Tempe
open west to east. This is indicative of the maximum horizontal compressive stress of southern
Utah being north to south (Zoback and Zoback, 2015). Therefore the spring inflow at Pah Tempe
is likely a result of the damage from the Hurricane Fault creating conduits for spring water to
rise, rather than the Sevier Orogeny.

Keywords: Pah Tempe Hot Springs, Dixie Hot Springs, Queantoweap Sandstone, Timpoweap
Canyon, Hurricane Fault, faulting, fractures, P-wave, S-wave, seismic survey, thermal water,
spring water
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INTRODUCTION
Pah Tempe Hot Springs are natural spring waters located in Timpoweap Canyon in
Hurricane, Utah. The mouth of this canyon is cut by the Hurricane Fault, a main southern
expression of the Wasatch Fault system (Sommer and Budding, 1994; Dutson, 2005; Lund,
Hozik, and Hatfield, 2006; Nelson et al. 2009). The area is unusual due to the distinct entrance of
spring water within the excised canyon and fault damage zone.
Fault zones have been characterized by possessing a less permeable fault core and a
broad zone of subsequent high-permeability damage zone that is defined by fracture density
being greater than the undisturbed local rock (Chester and Chester, 2000; Townend et al., 2017).
Fracture density and spring water inflow should correlate with higher density and more inflows
occurring near the fault and decreasing exponentially with distance from the main fault (Dutson,
2005; Faulkner, Mitchell, Jensen, and Cembrano, 2011). Brittle fault zones and deep rooted
faults have been established in affecting subsurface fluid flow regimes based upon myriad of
factors, including lithology, permeability and creation of conduits to allow flow (Bredehoeft,
Belitz, and Sharp-Hansen, 1992; Rawling, Goodwin, and Wilson, 2001; Bense, Gleeson,
Loveless, Bour, and Scibek, 2013; Townend et al., 2017).
The Hurricane Fault has created a damage zone within 470 meters of the canyon, evident
through noticeable fractures, grabens and the distinguishable entry of the spring water (Sommer
and Budding, 1994; Dutson, 2005; Faulkner et al., 2011). Prior studies of the spring water
(Nelson et al., 2009) have shown that these waters have been deeply circulated as evidenced by
ion exchange, and reach the surface at around 40C. It is believed that this deeply circulated
spring water is allowed to surface in Timpoweap Canyon due to subsidiary faulting and
fracturing in the subsurface of the damage zone created by the Hurricane Fault, although fracture
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density and spring water inflows do not match typical damage zone trends (Mundorff, 1970;
Bureau of Reclamation, 1974; Dutson, 2005; Nelson, 2009). These offsets in the subsurface of
the damage zone have fractured the aquifer unit, the Queantoweap sandstone, allowing for the
spring waters to rise to the surface at this location (Nelson et al., 2009). It is noted as well that
Pah Tempe does not follow the established fracture trend as outlined by Dutson (2005) and
Faulkner (2011). This leads to the question if subsidiary faults and fractures within the damage
zone of the main fault are allowing spring water to enter. The source of these subsidiary features
is argued to be secondary fracture and relic faulting from the Sevier Orogeny (Dutson, 2005).
However, due to the main compressional force in southwest Utah being north to south, and the
aperture of the fractures in the canyon wall being east to west, it is more likely that these
fractures are associated with the Hurricane Fault (Zoback and Zoback, 2015).
PURPOSE
The purpose of this thesis is to find possible connections between seismically visible
offsets in the subsurface of the Queantoweap sandstone and visible surface fractures in the
canyon wall with spring water inflows. These factors together can provide the origin and
mechanism of Pah Tempe Hot Springs.
AREA OF STUDY
Pah Tempe Hot Springs is located in the UGS 7.5 minute Quadrangle in Hurricane, Utah
(Biek, 2002). The springs enter the Virgin River waters over the course of ~470 meters through
the mouth of Timpoweap Canyon.
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Figure 1. Pah Tempe Hot Springs are located in Timpoweap Canyon, in Hurricane, Utah. They enter the
Virgin River in Timpoweap Canyon in the footwall of the Hurricane Fault.

Figure 1 shows the area of study for this project. Timpoweap Canyon has two foot
bridges and two access roads. The fault damage zone extends from west of the westernmost
footbridge to the bend in the river, just before the easternmost footbridge (Nelson et al., 2009).
This is the area of interest for both seismic and fracture data. The southern access road is
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important in our study because it grants access below the hanging wall of the Hurricane Fault
without curvature in the road. Both the northern road and the southern road, as can be seen in
Figure 1, are relatively straight and flat. The result is better seismic data for interpretation with
less distortion on the shot record and stacked section (McBride et al., 2008).
GEOLOGY AND HYDROGEOLOGY
The Hurricane Fault is located at the mouth of Timpoweap Canyon in Hurricane, Utah
(Dutson, 2005). It is a southern expression of part of the Wasatch Fault system that bounds the
Basin and Range province to the West and the Colorado Plateau to the East (Stewart, Taylor,
Pearthree, Solomon, and Hurlow, 1997; Taylor, Stewart, and Orndorff, 2001; Dutson, 2005;
Nelson et al., 2009). The fault damage zone associated with the Hurricane Fault at Pah Tempe
extends approximately 470 meters from the central occurrence of the fault (Dutson, 2005).
Nelson (2009) notes that the Virgin River has eroded through the Permian Kaibab and the
Toroweap formations at this site, allowing ~200 m of rock to be exposed vertically in the canyon
walls for the length of the fault damage zone. Along this stretch of the observable damage zone,
Dutson measured water and gas inflows at 260 L/s and 4.9 L/s, respectively, significantly less
than was measured in 1985 by Deacon (2011), who measured inflow around 950 L/s (Dutson,
2005). Gerner and Thiros (2014) measured average discharge during 2009 and 2010 as 311 L/s
with a dissolved-solids load of 9,220 mg/L. Gerner (2008) reports a salt contribution into the
Virgin River of 90 million kilograms annually.
STRATIGRAPHY
Figure 2 is a stratigraphic column modified from Biek (2002) for the stratigraphy of
Timpoweap Canyon. The Queantoweap Sandstone acts as an aquifer for the transport of deeply
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circulated hydrothermal water that then surfaces through the overlying Seligman Siltstone and
Brady Canyon Shale within the Hurricane Fault damage zone (Nelson et al., 2009). The hanging
wall of the Hurricane Fault is composed of sedimentary units Cretaceous in age or older, while
the footwall is composed of sedimentary units Permian in age or older (Dutson, 2005). The
aquifer unit, the Queantoweap Sandstone, is fine to very fine grained, massively bedded to crossbedded and non-calcareous (quartz arenite) (Hurlow and Biek, 2000; Dutson, 2005). It is
estimated at 450 to 600 meters thick (Dutson, 2005). The Toroweap formation, as seen in Figure
1, is comprised of the Seligman Member, the Brady Canyon Member, and the Woods Ranch
Member (Hurlow and Biek, 2000; Dutson, 2005). The Seligman Member is composed of locally
gypsiferous fine-grained sandstone and minor siltstone with nodular chert (Hurlow and Biek,
2000; Dutson, 2005). The Brady Canyon Member is composed of thick-bedded limestone and
cherty limestone, while the Woods Ranch Member is composed of thin-bedded dolomite, black
chert, gypsum and gypsum mudstone and limestone (Hurlow and Biek, 2000; Dutson, 2005).
Above the Toroweap Formation are the Kaibab and Moenkopi Formations. These are composed
of limestone, interbedded gypsiferous mudstone and limestone, and interbedded conglomerate,
limestone, mudstone, siltstone, fine-grained sandstone and gypsum (Hurlow and Biek, 2000;
Dutson, 2005).
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Figure 2. Stratigraphic column of Timpoweap Canyon modified after Biek (2002). Seen below is a picture
of an exposed outcrop of the Queantoweap Sandstone (Pq) beneath the Seligman Member (Pts). This rock
unit is estimated at 400-600 meters thick and acts as the aquifer for water transport and base flow for the
Virgin River and the entering spring water in the damage zone (Nelson et al., 2009). This unit is likely to
produce reflectors for seismic imaging due to the lithological differences observed in the unit.

STRUCTURE
The Hurricane Fault is a part of the Basin and Range province with the Colorado Plateau
to the East (Dutson, 2005). It is one of the longest, active west-dipping normal faults of late
Cenozoic age, extending from Cedar City, Utah to the Grand Canyon area in Arizona (Lund et
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al., 2006). At approximately 250 kilometers in length, it acts as a cutting boundary, along with
other late Cenozoic normal faults, which define the western edge of the Colorado Plateau
(Stewart et al., 1997; Taylor et al., 2001; Dutson 2005). Moderate Quaternary fault activity is
evidenced by displaced alluvial and colluvial deposits in the Hurricane, Utah area (Lund et al.,
2006). Hamblin and others (1981) note 87 meters of throw along the Hurricane Cliffs using a
Pleistocene age basalt flow. Lund (2006) gives the fault a slip rate of a preferred 0.18 mm/yr
over the last 30,000 to 100,000 years based upon displaced alluvial surfaces at Shurtz Creek, a
known fault scarp part of the Hurricane Fault. Correlation of basalts across the fault was also
performed by Lund (2006) to obtain new rates for long term slip; 0.21 to 0.57 mm/yr are the new
long-term slip rates. Lund (2006) suggests that the comparison of these long-term rates to the late
Quaternary rates shows the fault has become less active, with surface-faulting earthquakes
occurring only every several thousand to ten thousand years. Stratigraphic separation for
Quaternary basalt at this location is 450 m (Stewart and Taylor, 1996). Above the canyon surface
are five geologic units: the Harrisburg Mbr (Pkh), the Fossil Mtn Mbr (Pkf), the Woods Ranch
Mbr (Pkw), the Brady Canyon Mbr (Ptb) and the Seligman Mbr (Pts). These units are located in
the canyon on the footwall (Dutson, 2005, Nielsen et al., 2009). The hanging wall of the
Hurricane Fault consists of displaced Triassic units including the Petrified Forest Member (Trcp)
and members of the lower Triassic Moenkopi formation (Dutson, 2005).
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Figure 3. Cross section and geologic map after Nelson et al., (2009) of Pah Tempe and Timpoweap
Canyon.

The throw of the fault is estimated by Biek (2002) to be between 2400 and 3000 meters
with stratigraphic separation up to 2520 meters (Stewart et al., 1996; Dutson, 2005). This throw
is seen in the Triassic units in the hanging wall being displaced and in contact with Permian units
in the footwall.
Previous work on the Wasatch Fault in the Provo segment has yielded subsurface offsets
demonstrating synthetic and antithetic normal faults as well as graben structures within the eastwest striking fault area recorded (McBride et al., 2008). Another study revealed limited surface
faulting with complex deformation and both synthetic and antithetic normal faulting in the
subsurface, discovered via Vibroseis, hammer source and shear-wave seismic reflection
(McBride et al., 2010).
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METHODS
Primary wave seismic data were acquired through multiple seismic lines. Each line
consisted of 24 geophones, a takeout cable with 24 geophone receptors, and a geode with data
cables for in and out transmission. Four seismic lines, consisting of the above, were laid in
sequence in a straight line, extending around two hundred feet. A laptop was used at the last
geode to collect data transmitted from the array. A 4.5 kg sledge hammer striking a 10 centimeter
square plate was used as the source of energy. This plate was struck 3-5 times (stacked) at each
geophone through the array while using a roll along technique, where the first line of geophones
are moved to the end of the entire array after the source has been used through them. This
method was used for the north road only.
Secondary wave seismic data were acquired by using a roller that was coupled to the
ground via the hitch of a 12 passenger van. The side of the roller was gently struck using a 0.3 kg
hammer with a trigger wire attached to a geode to trigger a laptop to begin recording. This
method was used for both the north and south roads.
Vertical resolution for seismic was calculated using 𝜆𝜆/4, 𝜆𝜆 = V/F was used to calculate

lambda. P-wave minimum vertical resolution is 7.5 meters using an RMS velocity of 1500 m/s
and a frequency of 50 Hz. S-wave minimum vertical resolution is 1.8 meters using an RMS
velocity of 250 m/s and a frequency of 35 Hz, with maximum resolution being 8.9 meters using a
maximum velocity of 1250 m/s.
Kingdom Suite was used to note where offsets in the seismic profile related to the
orthophotos of the canyon. These coordinates were then created as points in ArcMap version
10.6 for spatial correlation with Biek’s (2002) faults and with the river water chemistry contours.
One P-wave and two S-wave survey profiles were created. From these profiles, 1st, 2nd and 3rd
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order faults were interpreted using offset criteria based on the size and clarity of the offsets
observed. 1st order fault interpretations were based on clear and distinct evidence of offset
between layers. 2nd order fault interpretations were less clear and 3rd order fault interpretations
were the least clear, providing enough offset to be arguable as faulting. The seismic profiles were
not migrated initially because the data are noisy, due to the running river and water filled pipe
beneath the seismic line. Migration would only smear the noise in our profiles. Most of our
reflections are low angle, therefore migration will have little effect on our offset locations.
A YSI KorDSS multi-probe was used to measure conductivity, turbidity, pH and
dissolved Chloride in the river and spring waters of the study site. Water readings were taken on
September 12-13, 2017, and September 18, 2017. The data were subsequently normalized to
account for varying flow rates in the river for those days. This was done using a simple
calculation of flow rates and then using a proportionality of conductivity and chloride to account
for the varying flow rate between days. September 12-13 sample locations were surveyed with
UTM zone 12s, NAD93, geoid 99, Latitude-Longitude WGS84 converted to UTM using
Corpscon ver 6.0. Conductivity was calibrated using a standard KCl solution, pH was calibrated
using EMD Millipore Corporation Buffer solutions at 4, 7 and 10 pH. Turbidity was calibrated
using ultra-pure water from a Milli-Q UV Plus dispenser. Chloride was calibrated using a pool of
spring water at the grottos that has been measured and remained stable over the last 12 years and
calibrated at 3500 mg/L, the stable spring water value. All calibrations occurred on site. Stream
edges were surveyed using the same technique and conversions used for the water samples.
Flow rates were determined on September 12, 2017 and September 18, 2017 above the
fracture zone in the Virgin River, at two locations within the fracture zone in the stream and at
one location below the fracture zone in the stream using a FlowMate digital flow measurer, a
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tape measure and a depth measuring rod. Cross sectional area and depths were measured with
0.3048 meter increments.
Direct spring water inflows were probed and collected using 1-liter water sample bottles
and a hand-held Garmin for location.
UTM coordinates were collected from fault feature locations on Kingdom Suite software
and were converted to latitude and longitude using an online conversion tool at Montana State
University (http://www.rcn.montana.edu/resources/converter.aspx).
RESULTS

Figure 4. Seismic paths, fault and offset locations, spring samples, water probe locations and flow
measurement locations. Flow measurements, going from left to right away from the Hurricane Fault,
were 1.263 m3/s, 1.303 m3/s, 1.175 m3/s, 1.019 m3/s, 0.906 m3/s and 0.648 m3/s.
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SEISMIC
Offsets in the subsurface are seen in both P and S wave survey profiles. The entire
subsurface appears to be fractured as is seen in cross-section. Offsets appear with varying levels
of discontinuity, providing the criterion for fault ordering. Major offsets are seen near the
previously mapped faults by Biek (2002). S-wave profiles gave greater resolution and accounted
for an increase in the number of visible offsets.
The seismic data are very noisy due to the running river water next to the roads. The
northern road also has a buried pipe, around two meters in diameter, that channels fresh Virgin
River water from upstream past Pah Tempe. This pipe is full of running water throughout the
year, and it contributed to the noise recorded in our seismic sections on the north road. The ideal
location for such seismic work is one with a straight, flat road, no wind or outside noise, and
solid lithology beneath. Pah Tempe proved to be a challenge in that, while there were straight
access roads, the canyon was often quite windy. The Virgin River runs anywhere from 10 to 20
meters to the south of the road, creating noise. Therefore, due to unfavorable noise pollution, the
results are not as clean as we would have liked. These were near the worse conditions a seismic
profile could be conducted and get meaningful results. Nonetheless, we obtained meaningful
results and have found the exercise to be beneficial for the purpose of this thesis.
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Figure 5. P-wave and S-wave CDP profiles for Timpoweap Canyon with fault interpretations. The last
profile is migrated at 300 m/s as a standard of comparison for the unmigrated sections. Fault
interpretations end in the subsurface due to interpretation ending from lack of visible offset criteria.

HYDROGEOCHEMISTRY
Multiple studies (Dutson, 2006; Nelson et al, 2009; Townend et al., 2017) have been
conducted on the hydrogeochemistry of this and other locations involving faulting and hot spring
water presence. Water chemistry was conducted in this project to reiterate the results of the
aforementioned projects and/or to account for changes to this system.
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Water chemistry was consistent with previous studies by Dutson (2005) and Nelson
(2009). Virgin River temperatures were around 27° C with spring water temperatures
consistently 35° C to 41° C and the grottos spring water at 41° C. A white pipe with spring
inflow is located at the eastern bend in the river and had chloride concentrations of 4167-4241
mg/L. The pools at the grottos had concentrations of 3629-3648 mg/L. Virgin River samples had
chloride concentrations of 574-823 mg/L. The average mixing chloride concentration varied
depending on location in the river. Thermal imaging has shown sharp contrasts between middle
areas of the river with the areas closer to the edges where springs discharge. The pH measured at
the white pipe was 5.88, 5.95 at the grottos with the Virgin River measuring 6.33-7.02.
Conductivity for the white pipe averaged at 19,649 us/cm with averages of 19963 us/cm and
3049.5 us/cm for the grottos and Virgin River.
Pah Tempe Hot Springs are high in Ca, K, Mg and Na. Average values for these elements
are 436 mg/L, 151 mg/L, 131 mg/L and 1952 mg/L. Chloride levels averaged around 1500 mg/L
at Pah Tempe with some springs directly measured around 3660 mg/L. Arsenic was measured at
an average of 0.31 mg/L with some springs having as high as 0.42 mg/L and some as low as
0.035 mg/L.
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Figure 6. Arsenic contour for Pah Tempe.

River contours were created using the inverse distance weighted method for the collected
river parameters. The IDW tool on ArcMap version 10.6 was used to create these contours with
the individual data points gathered by the YSI water probe (orange points seen in Figure 4
above). The IDW spatial analysis tool in ArcMap version 10.6 was then used with variable
sampling and a power of two. Chloride, conductivity, pH, temperature, turbidity and percent
chloride in the river water were all contoured.
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Figure 7. Temperature and chloride contours for Pah Tempe waters. Inverse distance weighted on
ArcMap version 10.6 was used with variable search radius of 12 and a power of 2. All four contours
show spring inflow locations with high temperatures, chloride and conductivity and low pH.

Oxygen and hydrogen isotopes have been measured and plotted on the GMWL by Nelson
(2009) and suggest water rock exchange at depth. Our current spring sample oxygen and
hydrogen isotopes plot similarly.
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Figure 8. GMWL plot with our 26 spring samples plotted in blue. The graph was taken from Nelson
(2009) and our spring samples were plotted in blue.

Geochemist’s Workbench showed that hot spring samples precipitated gibbsite and barite
while river water samples precipitated dolomite, calcite, aragonite, strontianite, witherite, huntite,
magnesite, barite and monohydrocalcite. None of the samples precipitated anhydrite until
temperatures were extended to well over 100 C. The minerals precipitated by the river can bond
with arsenic, acting as a means to filter arsenic out of the water.
FRACTURES
Dutson’s (2005) fracture study has been referenced for inclusion in determining fault and
fracture correlation with surfacing spring water. An in-the-field confirmation of the main fracture
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series from this map was conducted, and the fracture series seen in Figure 10 was used to aid in
determining the spring emergence mechanism in conjunction with the seismic survey data.
Using an aerial drone with a high resolution camera, photos of Timpoweap Canyon were
taken and modeled in Agisoft software. The result was a rotatable high definition three
dimensional model of the canyon. This model was used to examine the canyon wall for visible
offsets and fractures. While the canyon wall is heavily fractured, the largest and most prominent
fractures were annotated and an aerial top-down photo with these fractures was georeferenced
into ArcMap version 10.6 where the fractures were drawn using a polyline shapefile. The
fractures from Figure 8 were extended following their directional trend to better visualize any
correlations relative to positions of spring water inflows and subsurface offset locations.

Figure 9. Timpoweap Canyon with large and prominent fractures and offsets annotated in orange. The Swave profile beneath correlates to numerous major fractures observed in the canyon wall. The error bars
account for inaccuracies in offset location when orienting the Agisoft model.
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DISCUSSION
The Sevier Orogeny coupled with the later movement of the Hurricane Fault has heavily
fractured, faulted and damaged the geology in Timpoweap Canyon. This damage is apparent at
the surface. Faults mapped by Biek (2002) appear to correspond to offset features in the
subsurface (see Figure 10). These faults also appear in the subsurface along the southern road.
Based upon the inflow of chemically and isotopically distinct spring water at Pah Tempe
in Timpoweap Canyon, it is clear that these fractures and faults extend into the subsurface to
allow the spring water to surface. Our seismic survey has produced imagery that reinforces this
with visible offsets in the subsurface. Seismic profiles, fracture mapping and water chemistry
taken together demonstrate a clear connection between surface faults and fractures with
subsurface offsets and spring water entry points that indicate the strong relation these features
have with one another.
Noted are some of these offsets, faults and fractures that do not directly correlate with
spring water inflow which suggests that those particular features may not act as the direct
conduit for spring water to rise at these points. Calcite veins can be seen along the fractures of
the cliff face, suggesting that the thermal water have precipitated calcite in the past. Some of
these fracture features extend into the river bed where they are not visible. These fractures may
have filled themselves with calcite over time, stopping fluid flow from them.
Regardless of direct flow and potential filling of fractures with calcite, it is clear the
fractures contribute to the overall permeable nature of the Queantoweap Sandstone.
Chloride and arsenic account for the main reasons the Virgin River water that passes
through Pah Tempe becomes unusable. The World Health Organization marks total dissolved
solids (TDS) in drinking water as unacceptable above 1000 mg/L while the USGS references a
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standard of 500 mg/L. Pah Tempe has average chloride levels of 1500 mg/L and numerous
spring inflows that are 3600 mg/L alone. This places the springs at Pah Tempe well above the
standard limit for TDS. Arsenic is another health concern with drinking water and of the 26
springs sampled in this project, only one was below the EPA acceptable limit (see Figure 5 or
Appendix B) with the average arsenic levels of the springs being 40 times the EPA limit of 0.01
mg/L. With the springs at Pah Tempe discharging a total of 260 L/s (Nelson et al., 2009)
combined with our average upstream spring inflow arsenic concentrations of 0.312 mg/s, it is
calculated that the springs contribute 81.1 mg/s of arsenic, which is 2562 kg of arsenic annually.
This number doesn’t account for springs located below the footbridge or springs located in the
river bed.

Figure 10. Fault interpretations based upon subsurface offsets, water chemistry contour for temperature,
and fracture projections.

Fault interpretations were drawn in Figure 10 to visualize connectivity between fracture
patterns and spring inflows. As was suspected, subsurface offsets align with numerous fractures
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and spring inflows. A spring inflow connected to a fracture and an offset/fault gives three criteria
to account for the spring’s presence at its location, and is the strongest argument for correlation
of the fault damage zone and spring entry location. There are a few instances where these three
criteria are met compellingly. A strong argument for connectivity of the springs to the damage
zone is made by many subsequent locations that show only subsurface offsets or fractures
aligning with spring inflow locations, meeting two of the criteria at these locations.
Fracture data outside of the cliff face was not attainable due to these areas being covered
by vegetation and sediment, and our seismic profiles having too large a resolution to image these
smaller (<1.8 meter) fractures if they do occur.
The previously mapped faults by Biek (2002) are likely accurate given the offset and
inflow locations from our data. As seen with the fracture projections in Figure 10, the area is
extremely damaged and fracture patterns are complex and potentially cross over each other at
numerous points. While many of them do not align with observed subsurface features, they do
cross over or combine next to many of the spring inflow features. This leads to correlation with
those spring inflow features, in spite of lack of corresponding subsurface offsets. Fracture
density is likely similar on the north side of the road, but again it is not visible due to covering
vegetation and sediment. Our seismic surveys cannot detect these fractures because our
resolution was too large for them to appear (<1.8-8.9 meters, S-wave).
Downstream and behind the main strand of the Hurricane Fault is an interesting section
of the river (Figure 6). This area shows lower temperature inflows, but maintains similar, albeit
slightly less, chloride, conductivity and pH profiles. The discrepancy is possibly due to an
artifact in the data due to these features being too strong to contour at lower levels. However, it is
possible this water is from the hanging wall of the Hurricane Fault. Groundwater may be
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following the western side of the fault and surfacing in the river at these locations. Another
possibility is a broken water pipe that was buried in the river bed on the north side of the stream.
This pipe was Washington County’s first attempt at diverting fresh water through Pah Tempe
whilst avoiding contamination. The pipe eventually broke, but cold Virgin River water may still
be running through this fractured pipe and mixing with spring water. This may account for the
difference in temperature and slightly lower values regarding chloride, pH, and chloride fraction,
these last features being much greater and subsequently harder to buffer than temperature. The
exact cause of the disparity in temperature, however, remains unknown.
THERMAL IMAGING (FLIR)
Forward-Looking Infrared is a device and design that uses optics and a computer to
digitally image the infrared spectrum. This is uniquely viable at hot spring locations as water
source and water mixing can be seen via infrared. Figure 11 shows a photo of one area of the
grottos in real color and one photo using FLIR for IOS. This image shows the mixing of spring
water with river water.
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Figure 11. A) Visible “grotto” pools and their entry into the river above stream level. B) Infrared image
of the same “grottos” using FLIR for IOS.

CONCLUSIONS
Distinct spring water enters Timpoweap Canyon at Pah Tempe Hot Springs in Hurricane,
Utah. These waters manifest directly in the damage zone of the Hurricane Fault. The geology of
Timpoweap Canyon is heavily fractured and damaged from both movement of the Hurricane
Fault, and from the Sevier Orogeny (Dutson, 2005). Presence of this spring water coupled with
the site being a canyon that has relatively flat and straight roads access roads has allowed a
unique opportunity to take seismic imaging of the subsurface near the spring waters.
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Photogrammetric modeling has allowed for remote fracture modeling for integration into the
seismic and hydrological data pool to allow correlation and increased understanding of the
relationship between the fault damage zone and the springs.
Fracture density trends near a fault are not seen at Pah Tempe, yet subsurface offsets and
spring inflow demonstrate that these damage zone features are what facilitate fluid flow. This
places strain on the currently accepted understanding of fault damage zone fracture density, and
gives a situation where fracture density is unchanged or undiminished with distance from the
main strand of a normal fault.
Chloride load and arsenic content are responsible for rendering the Virgin River at this
location and downstream unusable as a water source for both drinking and irrigation. Pah Tempe
has been the target of several state and federal programs to eliminate the effect of the spring
waters.
These relations contribute overall to our understanding of fault zones and related hot
springs water. Study of these relationships has historically been difficult, as Bense (2013) notes,
due to structural geology and hydrogeology being methodologically different in practice.
However, with this study, the closure of these two fields and increased understanding of these
related features is brought closer to the scientific community. Our contribution in further
understanding and measuring the genesis and effects of a major normal fault on hot spring water
inflow at Pah Tempe will contribute to future studies and actions regarding fluid flow controls of
fault damage zones.
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APPENDIX A
Tritium Analysis
Table 1. Tritium analyses from water collected at various points at Pah Tempe.
Tritium Analysis
Sample
13323
13325
13326
13327

Date
1/30/17
1/30/17
1/30/17
1/30/17

Location
Down Stream
Mid Pool
East Pool
Up Stream

TU’s
0.5
<0.3
<0.3
1.2

Counting Error
0.3
0.3
0.3
0.3
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APPENDIX B
Water Chemistry Tables
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APPENDIX C
River Contours
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